The antifungal efficacy, safety, and pharmacokinetics of posaconazole (SCH 56592) (POC) were investigated in treatment and prophylaxis of primary pulmonary aspergillosis due to Aspergillus fumigatus in persistently neutropenic rabbits. Antifungal therapy consisted of POC at 2, 6, and 20 mg/kg of body weight per os; itraconazole (ITC) at 2, 6, and 20 mg/kg per os; or amphotericin B (AMB) at 1 mg/kg intravenously. Rabbits treated with POC showed a significant improvement in survival and significant reductions in pulmonary infarct scores, total lung weights, numbers of pulmonary CFU per gram, numbers of computerized-tomography-monitored pulmonary lesions, and levels of galactomannan antigenemia. AMB and POC had comparable therapeutic efficacies by all parameters. By comparison, animals treated with ITC had no significant changes in outcome variables in comparison to those of untreated controls (UC). Rabbits receiving prophylactic POC at all dosages showed a significant reduction in infarct scores, total lung weights, and organism clearance from lung tissue in comparison to results for UC (P < 0.01). There was dosage-dependent microbiological clearance of A. fumigatus from lung tissue in response to POC. Serum creatinine levels were greater (P < 0.01) in AMB-treated animals than in UC and POC-or ITC-treated rabbits. There was no elevation of serum hepatic transaminase levels in POC-or ITC-treated rabbits. The pharmacokinetics of POC and ITC in plasma demonstrated dose dependency after multiple dosing. The 2-, 6-, and 20-mg/kg dosages of POC maintained plasma drug levels above the MICs for the entire 24-h dosing interval. In summary, POC at >6 mg/kg/day per os generated sustained concentrations in plasma of >1 g/ml that were as effective in the treatment and prevention of invasive pulmonary aspergillosis as AMB at 1 mg/kg/day and more effective than cyclodextrin ITC at >6 mg/kg/day per os in persistently neutropenic rabbits.
Invasive pulmonary aspergillosis is an important cause of infectious morbidity and mortality in immunocompromised patients, particularly in those with severe and prolonged neutropenia as a consequence of cytotoxic chemotherapy for the treatment of cancer (3, 10, 18, 36) . Conventional amphotericin B (AMB), which binds to ergosterol and disrupts membrane integrity, remains the mainstay of therapy for serious fungal infections; however, its clinical utility may be thwarted by doselimiting nephrotoxicity (2, 15, 42) . There clearly is a great need for safer yet effective antifungal compounds against pulmonary aspergillosis, particularly in patients with persistent neutropenia and those undergoing bone marrow transplantation (18, 36, 48) .
Posaconazole (SCH 56592) (POC), a new triazole antifungal compound, has a potent and broad spectrum of antifungal activity (24, 37, 43) . POC is structurally similar to the broadspectrum triazole compound itraconazole (ITC) (17) . The mechanism of action of the antifungal triazoles is through inhibition of cytochrome P-450-dependent 14␣-sterol demethylase, which results in inhibition of ergosterol biosynthesis (6) .
In vitro studies have demonstrated the potent antifungal activity of POC against Candida spp. (Candida albicans, Candida dubliniensis, Candida tropicalis, Candida parapsilosis, and Candida krusei), as well as Cryptococcus neoformans (4, 14, 26, 38, 39, 40) . Additional studies have demonstrated that POC is more active than ITC and fluconazole against clinical isolates of filamentous fungi such as Aspergillus spp., Fusarium spp., Rhizopus spp., and Pseudallescheria boydii (11, 30, 34) . POC is also active against dimorphic fungi such as Blastomyces dermatitidis (45) and Histoplasma capsulatum (8) . POC has also been evaluated in animal models of cryptococcal meningitis (20, 38) , disseminated aspergillosis (16, 23, 35) , disseminated fusariosis (27) , coccidioidomycosis (28) , histoplasmosis (8) , blastomycosis (45) , and pheohyphomycosis (1) .
Little is known, however, about the activity of POC against primary pulmonary aspergillosis in persistently neutropenic hosts, where this compound may have an important role. We therefore investigated the antifungal efficacy, safety, and phar-macokinetics in plasma of POC in the treatment and prophylaxis of primary pulmonary aspergillosis in persistently neutropenic rabbits. We further investigated the potential correlation between a therapeutic response to POC and galactomannan antigenemia.
pletion to prevent opportunistic bacterial infections during neutropenia. In order to prevent antibioticassociated diarrhea due to Clostridium spiriforme, all rabbits continuously received 50 mg of vancomycin per liter of drinking water.
Total leukocyte counts and the percentages of granulocytes were monitored twice weekly with a Coulter (Miami, Fla.) counter and by peripheral blood smears and differential counts, respectively. Antifungal compounds. POC was provided by Schering-Plough Research Institute as standard powder. Drug stock solution (30 mg/ml) was prepared by dissolving the antifungal powder in a solution of distilled water and Tween 80 (Fisher Scientific, Fair Lawn, N.J.). ITC was purchased as Sporanox (Janssen Pharmaceutica NV) in a 10-mg/ml hydroxypropyl-␤-cyclodextrin oral solution. AMB was purchased as Fungizone, an i.v. suspension (Bristol-Myers Squibb Company), and was resuspended for use in sterile water according to the manufacturer's instructions.
Treatment regimens. Treatment study groups were either untreated controls (UC) or animals treated with POC, ITC, or AMB. POC was administered per os at dosages of 2 mg/kg/day (POC2), 6 mg/kg/day (POC6), and 20 mg/kg/day (POC20). ITC was administered per os at dosages of 2 mg/kg/day (ITC2), 6 mg/kg/day (ITC6), and 20 mg/kg/day (ITC20) as a 10mg/ml oral solution. AMB was administered i.v. at 1 mg/kg of body weight per day (0.1 ml every 10 s). Antifungal therapy was initiated 24 h after endotracheal inoculation. Antifungal therapy was continued throughout the course of the experiments for a maximum of 12 days in surviving rabbits.
Prophylactic regimen. In order to study the efficacy of POC for prevention of aspergillosis in persistently neutropenic hosts, we compared this azole to ITC and no drug in the persistently neutropenic rabbit model for prophylaxis against pulmonary aspergillosis. The prophylaxis experiments used the same methods as described above with the following exceptions. Rabbits received the same dosages, POC2, Ϫ6, or Ϫ20 or ITC2, Ϫ6, or Ϫ20 administered for 4 days before endotracheal inoculation. On the day of inoculation, POC and ITC were administered in the morning and the endotracheal inoculum was administered approximately 4 h later. POC and ITC were then continued for a maximum of 12 more days after inoculation. In order to simulate the low initial tissue burden of A. fumigatus in the setting of antifungal prophylaxis, the administered inoculum was 5 ϫ 10 7 conidia. All other methods, including outcome variables, were identical for both treatment and prophylaxis experiments.
Outcome variables. A panel of outcome variables was used to assess antifungal efficacy. These variables consisted of survival, pulmonary infarct score, lung weight, microbiologic clearance (CL) from lung tissue (in log CFU per gram) and from bronchoalveolar lavage (BAL) specimens (log CFU per milliliter), computerized tomography (CT), galactomannan index (GMI), and pathology. Pulmonary infarct score, lung weight, and CT scan are measures of organismmediated pulmonary injury.
Survival. The survival time in days postinoculation was recorded for each rabbit in each group. Surviving rabbits were euthanized by sodium pentobarbital anesthesia on the 13th day postinoculation.
Pulmonary lesion scores. The entire heart-lung block was carefully resected at autopsy. The heart was then dissected away from the lungs, leaving the tracheobronchial tree and lungs intact. The lungs were weighed and inspected by at least two observers who were blinded to the treatment group and recorded hemorrhagic infarct lesions (if any) in each individual lobe. The numbers of positive lobes were added, and the mean value of all positive lobes was calculated for each treatment group. Hemorrhagic infarcts were dark-red consolidated lesions that corresponded histologically to coagulative necrosis and intra-alveolar hemorrhage.
BAL. BAL was performed on each lung preparation by the instillation and subsequent withdrawal of 10 ml of sterile normal saline two times into the clamped trachea with a sterile 12-ml syringe. The lavage was then centrifuged for 10 min at 1,500 ϫ g. The supernatant was discarded, leaving the pellet, which was then resuspended in 2 ml of sterile normal saline. A 0.1-ml sample of this fluid and 0.1 ml of a dilution (10 Ϫ1 ) of this fluid were cultured on 5% SGA plates. Histopathology. Pulmonary lesions were excised and fixed in 10% neutral buffered formalin. Paraffin-embedded tissue sections were stained with periodic acid-Schiff and Gomori methenamine silver stains. Tissues were microscopically examined for pulmonary injury and structural changes in Aspergillus hyphae.
Fungal cultures. Lung tissue from each rabbit was sampled and cultured by a standard excision of tissue from each lobe. Each fragment was weighed individually, placed in a sterile polyethylene bag (Tekmar Corp., Cincinnati, Ohio), and homogenized with sterile saline for 30 s per tissue sample (Stomacher 80; Tekmar) (47) . Lung homogenate dilutions (10 Ϫ1 and 10
Ϫ2
) were prepared in sterile saline. Aliquots (100 l) from homogenates and homogenate dilutions were plated onto SGA plates and incubated at 37°C for the first 24 h and then at room temperature for another 24 h. The number of CFU of A. fumigatus were counted and recorded for each lobe, and the log CFU per gram was calculated. A finding of one colony of A. fumigatus was considered positive.
CT. Serial CT of the lungs was performed during all experiments in order to monitor the effects of antifungal therapy on organism-mediated pulmonary injury during the course of infection. Briefly, rabbits were sedated with ketamine and xylazine and then placed prone, head first, on the scanning couch. CT was performed with an ultrafast electron beam CT scanner (model C-100XL; Imatron, Oyster Point, Calif.), as previously described (49) . Using the high-resolution, table-incremented, volume acquisition mode, 3-mm-thick ultrafast CT scans were performed every 4 s. A small scan circle and a 9-cm-diameter reconstruction circle with a matrix of 512 by 512 were used, which resulted in a pixel size of less than 1 mm. Scan parameters were 130 kV and 630 mA, and scan duration was 100 ms. In virtually all cases, 30 slices were sufficient to scan the entire thorax of the rabbit. Images were photographed using lung windows with a level of Ϫ600 Hounsfield units (HU) and a width of 1,800 HU. The radiologic features of invasive pulmonary aspergillosis observed in this experimental system are similar to those reported for persistently neutropenic patients (7, 21, 25) .
Galactomannan assay. Blood was collected every other day from each rabbit for determination of serum galactomannan concentrations. Serum galactomannan concentrations we determined by the Platelia Aspergillus (Genetic Systems/ Sanofi Diagnostic Pasteur, Redmond, Wash.) one-stage immunoenzymatic sandwich microplate assay method. The assay used the rat monoclonal antibody EBA-2, which is directed against Aspergillus galactomannan. The monoclonal antibody is used to sensitize the wells of the microplate and to bind the antigen. Peroxidase-linked monoclonal rat antibody is used as the detector antibody.
Serum samples were heat treated in the presence of EDTA in order to dissociate the immune complexes and to precipitate serum proteins. The treated serum samples and conjugate were added to the wells coated with the monoclonal antibody and then incubated for 90 min at 37°C. A monoclonal antibodygalactomannan-monoclonal antibody-peroxidase complex was formed in the presence of Aspergillus antigen. The strips were washed to remove any unbound material. Next, we added the substrate solution, which reacted with the complexes bound to the well to form a blue color. The enzymatic reaction was stopped by the addition of stopping solution (1.5 N sulfuric acid), which changed the blue color to yellow. The optical absorbance values of specimens and controls were determined with a microplate spectrophotometer equipped with 450-and 620-nm-band-pass filters (Multiscan MMC/340; Titertek, Huntsville, Ala.).
Enzyme immunoassay data were expressed as serum GMIs plotted over time. The GMI for each test serum is equal to the optical density (OD) of the sample divided by the threshold OD in serum. Sera with a GMI less than 1 were considered to be negative. Sera with a GMI greater than 1.5 were considered to be initially positive. Sera with GMIs between 1 and 1.5 were considered to be FIG. 1. Comparative rates of survival of persistently neutropenic rabbits in treatment groups receiving POC, ITC, or AMB versus in the UC group. To gauge survival over 12 days (x axis) dosage groups for each antifungal compound were combined (P value determined by MantelHaenzsel chi-square test). The response of persistently neutropenic rabbits with primary pulmonary aspergillosis to antifungal therapy was also measured by pulmonary infarct score, total lung weight, and pulmonary tissue concentration of residual organisms (log CFU/per gram) in UC (n ϭ 15); rabbits treated with POC2 (n ϭ 6), POC6 (n ϭ 6), and POC20 (n ϭ 6); rabbits treated with ITC2 (n ϭ 6), ITC6 (n ϭ 6), and ITC20 (n ϭ 5); and rabbits treated with AMB at 1 mg/kg/day (n ϭ 6). Values are given as means Ϯ SEM ‫,ء(‬ P Ͻ 0.05; §, P Ͻ 0.01; ¶, P Ͻ 0.001) in comparison to values for UC using an ANOVA test with Bonferroni's correction for multiple comparisons.
VOL. 45, 2001 EFFICACY AND PHARMACOKINETICS OF POSACONAZOLEindeterminate. Serial serum galactomannan levels were plotted over time as a function of antifungal compound and time of initiation of study drug (treatment versus prophylaxis). Toxicity studies. A sample of blood was collected from each rabbit every other day, starting from the first day after inoculation and continuing throughout treatment. Plasma samples were stored in Sarsted (Newton, N.C.) tubes at Ϫ70°C until all samples were processed simultaneously. Chemical determinations of potassium, aspartate aminotransferase (AST), alanine aminotransferase (ALT), serum creatinine, serum urea nitrogen, and total bilirubin concentrations were performed on the penultimate sample drawn from each rabbit.
Pharmacokinetic experiments. The pharmacokinetics of POC and ITC in plasma were investigated in three infected animals per each dosage group. Time points for minimal plasma sampling were determined on the basis of full plasma concentration profiles from the same species (5, 22, 33) with the aid of the Adapt II computer program (9) . Plasma sampling was performed 6 days after inoculation. Blood samples were drawn immediately prior to oral dosing and then at 1, 4, 8, and 24 h postdosing. All samples were immediately centrifuged, and plasma was stored at Ϫ80°C until assayed.
Concentrations of POC were determined after solid-phase extraction by liquid chromatography-tandem mass spectrometry at the Schering-Plough Research Institute. The analytical procedure involved dilution of the samples in controlled plasma prior to extraction. The quantifiable range of the assay was 4 to 1,000 ng/ml. Accuracies and intra-and interday variability (precision) were within Ϯ15% and Ϯ20% at the lower limit of quantitation.
Concentrations of ITC were determined after protein precipitation by the reversed-phase high-performance liquid chromatographic method using saperconazole as the internal standard (19) . Ten-point standard curves were linear, with R 2 values of Ն0.999. Accuracies were within Ϯ12%, and intra-and interday variability (precision) was Ͻ6%. The lower limit of quantitation of the assay was 25 ng/ml in plasma.
Pharmacokinetic parameters for POC and ITC were determined using compartmental analysis. Experimental concentration in plasma data were fit to a one-compartment open model with first-order input, oral lag time, and firstorder elimination from the central compartment using iterative weighted leastsquares regression and the Adapt II computer program. Weighting was by maximum a posteriori probability, and model selection was guided by Akaike's FIG. 2. Expression of galactomannan antigenemia in persistently neutropenic rabbits with pulmonary aspergillosis in the following treatment groups: UC, AMB-treated controls, and rabbits treated with POC (upper panel) or with ITC (lower panel). The differences between the antigen concentration-time curves of UC versus those of rabbits treated with POC6 and POC20 are significant (P ϭ 0.05, ANOVA). Differences between antigen concentration-time curves of UC versus rabbits treated with ITC2, ITC6, and ITC20 are also significant (P Ͻ 0.001, ANOVA).
Information Criterion (51) . The model fit the data with mean coefficients of determination (r 2 ) Ϯ standard errors of the mean (SEM) of 0.647 Ϯ 0.05 (POC) and 0.720 Ϯ 0.04 (ITC), respectively. Fitted parameters included total CL, volume of distribution (V), and elimination half-life (t 1/2 ).
Statistical analysis. Comparisons between groups were performed by analysis of variance (ANOVA) with Bonferroni's correction for multiple comparisons or by the Mann-Whitney U test, as appropriate. Kaplan-Meier survival plots were analyzed by the Mantel-Haenzsel chi-square test. All P values were two-sided, and a P value of Ͻ0.05 was considered to be statistically significant. Values were expressed as means Ϯ SEM.
RESULTS

Antifungal therapy.
There was a significant improvement in the survival of rabbits treated with POC and AMB compared to that of UC. Through the entire study, 13 of 18 rabbits treated with POC, 5 of 6 rabbits (83%) treated with AMB, 1 of 18 rabbits (5.6%) treated with ITC, and none of the 15 UC survived (Fig. 1) . Of the rabbits treated with POC2, only 1 of 6 (16.7%) survived. By comparison, 100% (6 of 6) of the rabbits treated with POC6 and 83% (5 of 6) of the rabbits in the POC20 treatment group survived.
There also was a significant reduction in organism-mediated tissue injury, as measured by pulmonary infarct score and total lung weight, in rabbits treated with POC and AMB. Rabbits treated with POC6, POC20, and AMB had similarly significant lower mean infarct scores (P Ͻ 0.001, P Ͻ 0.001, P Ͻ 0.05, respectively); however, no differences in infarct scores were noted in UC and rabbits treated with POC2, ITC2, ITC6, and ITC20 (Fig. 1) . The mean lung weights in rabbits treated with POC20, POC6, and AMB were significantly reduced in comparison to those of UC (P Ͻ 0.001); however, no differences in FIG. 3 . Expression of galactomannan antigenemia in persistently neutropenic rabbits with pulmonary aspergillosis in the prophylaxis group. Results for UC and rabbits treated with POC or with ITC are shown. The antigen concentration-time curves of rabbits treated with POC2, POC6, and POC20 are significantly different from those of UC (P Ͻ 0.001, ANOVA). The antigen concentration-time curve of ITC20-treated rabbits, but not that of ITC2-or ITC6-treated rabbit is significantly different from that of UC (P Ͻ 0.05, ANOVA).
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There was a significant quantitative reduction in the growth of A. fumigatus in lung tissues from rabbits treated with POC and AMB in comparison to lung tissue from UC. Rabbits treated with POC6, POC20 (P Ͻ 0.001), and AMB (P Ͻ 0.05) showed significant reductions in the number of pulmonary CFU per gram (Fig. 1) . In contrast, no difference in levels of A. fumigatus growth was observed between POC2-or ITC-treated rabbits and UC.
There was a higher frequency of BAL cultures negative for A. fumigatus in rabbits treated with POC in all dosage groups than in untreated rabbits (16 of 18 [89%] versus 6 of 15 [40%] rabbits, respectively; P Ͻ 0.01). There also was a trend toward more BAL cultures negative for A. fumigatus in ITC-treated rabbits than in UC (13 of 17 [76%] versus 6 of 15 [40%] rabbits, respectively; P ϭ 0.07).
We investigated the expression of galactomannan in the sera of rabbits with pulmonary aspergillosis as a surrogate maker of therapeutic response (Fig. 2 and 3) . Expression of galactomannan was studied in rabbits receiving treatment and in rabbits receiving prophylaxis. The following groups were studied: UC and AMB-, POC2-, POC6-, POC20-, ITC2-, ITC6-, and ITC20-treated animals. The GMI was positive (Ն 1.5) in UC 1 day after inoculation. Serial serum samples from UC and POC2-treated rabbits showed progressive galactomannan antigenemia, correlating with progression of invasive pulmonary aspergillosis. By comparison, serum GMI of rabbits treated with POC6 and POC20 demonstrated a significant decline during therapy and correlated with low pulmonary log CFU per gram in those groups (P Ͻ 0.001, ANOVA). Serial serum GMI values of rabbits treated with AMB were negative throughout treatment. Serum GMI remained negative after day 6 in POC6-and POC20-treated rabbits. Serum GMI was positive in ITC2 and ITC6 dosage groups, which also correlated with progression of invasive pulmonary aspergillosis and elevated tissue concentrations of A. fumigatus. Rabbits treated with ITC20 demonstrated a negative GMI. The responses of galactomannan antigenemia in rabbits treated with POC6, POC20, and ITC20 were comparable to that of rabbits treated with AMB.
Consistent with the reduction in organism-mediated pulmonary injury, ultrafast CT scans demonstrated resolution of pulmonary infiltrates in rabbits treated with POC (Fig. 4) . During the first 6 days of treatment, there was an increase in pulmonary infiltrates. Following day 6 of treatment, there was a substantial reduction of infiltrates in rabbits receiving antifungal therapy. ITC-treated rabbits demonstrated a similar trend of resolution of pulmonary infiltrates during antifungal therapy.
Histopathological features of aspergillosis were studied in the lungs of rabbits in all treatment groups. There was dosagedependent damage of hyphal structures and clearance of the organism from the lung tissue in animals treated with POC. Each panel in Fig. 5 demonstrates a representative section of hyphal morphology in the POC dosage group. Organisms from UC rabbits demonstrated typical dichotomously branching septate hyphae of A. fumigatus (Fig. 5A) . Organisms in Fig. 5B   FIG. 4 . Pulmonary infiltrate scores determined by image analysis of serial ultrafast CT scans of UC, POC-treated rabbits, and ITC-treated rabbits. Pulmonary infiltrates increased during the first 6 days in UC and treated rabbits. The pulmonary infiltrate curve ends on day 6 due to mortality in the UC. Pulmonary infiltrates declined following day 6 in both the POC and ITC treatment groups. The ITC curve ends on day 8 due to mortality. from lung tissue of the rabbit treated with POC2 had shortened hyphae. POC6-and POC20-treated rabbits (Fig. 5C and D) seldom revealed hyphal elements. The pulmonary histopathological features of aspergillosis in POC6-and POC20-treated rabbits were similar to those observed in AMB-treated rabbits. Damaged hyphal elements were observed at all dosages of ITC.
Antifungal prophylaxis. Prophylaxis was started 4 days before endotracheal inoculation and continued throughout the experiment. Significantly greater survival was achieved with (Fig. 6 ). There was also a significant reduction in organism-mediated tissue injury in rabbits treated with POC, as measured by the mean pulmonary infarct score and mean lung weight, in comparison to that in UC. Rabbits treated with POC6 and POC20 had no infarct lesions in the lungs, and animals treated with POC2 and ITC20 showed a significant reduction in infarct score (P Ͻ 0.01). Rabbits treated with POC at all dosages and ITC20 had significantly lower mean lung weights than those of UC (P Ͻ 0.01). Rabbits receiving prophylactic POC2, POC6, and POC20 had significant organism CL from the lung tissue in comparison to UC (P Ͻ 0.01). However, there was no significant CL from lung tissue in rabbits treated with ITC. There was a higher frequency of negative BAL cultures for A. fumigatus in rabbits treated with POC in all prophylaxis groups than in UC rabbits ( To gauge survival over 12 days (x axis) dosage groups for each antifungal compound were combined (P value determined by Mantel-Haenzsel chi-square test). The response of persistently neutropenic rabbits with primary pulmonary aspergillosis to antifungal therapy was measured by pulmonary infarct score, total lung weight, and pulmonary tissue concentration of residual organisms (log CFU per gram) in UC (n ϭ 10); in rabbits treated with POC2 (n ϭ 6), POC6 (n ϭ 6), and POC20 (n ϭ 6); and in rabbits treated with ITC2 (n ϭ 6), ITC6 (n ϭ 6), and ITC20 (n ϭ 6). Values are given as means Ϯ SEM ‫,ء(‬ P Ͻ 0.05; §, P Ͻ 0.01; ¶, P Ͻ 0.001) in comparison to values for UC using an ANOVA test with Bonferroni's correction for multiple comparisons. a All values are expressed as means Ϯ SEM. *, P Ͻ 0.05 (Kruskal-Wallis nonparametric ANOVA with Dunn's correction for multiple comparisons); **, P Ͻ 0.001 (ANOVA with Bonferroni's correction for multiple comparisons).
Serum GMI was positive in UC and ITC2-and ITC6-treated rabbits by day 3 after inoculation, which correlated with increased tissue burden of A. fumigatus. By comparison, serum GMI was significantly reduced in POC2, POC6, POC20, and ITC20 dosage groups (P Ͻ 0.001, ANOVA). These findings correlated with organism CL from the lungs expressed by log CFU per gram and dose-proportional drug concentrations in serum.
Safety. Rabbits treated with AMB had significant increases in their mean levels of creatinine and urea nitrogen in serum compared to those of POC-or ITC-treated rabbits or UC. There was no significant elevation of the concentrations of hepatic transaminases in the sera of rabbits treated with POC or ITC. There were no differences in serum potassium and bilirubin concentrations for any of the treatment groups ( Table  1) .
Pharmacokinetics of POC and ITC in plasma. Concentration profiles of POC and ITC in the plasma of infected animals receiving treatment and prophylaxis regimens are depicted in Fig. 7 ; the corresponding pharmacokinetic parameters are presented in Tables 2 and 3, respectively. Over the investigated dosage range, both compounds exhibited dose-dependent pharmacokinetics with a statistically significant decrease in CL and a significant increase in the elimination t 1/2 with increasing dosages after multiple dosing over 10 days (Table 3) . Consistent with a dose-dependent disposition of both drugs, there was a trend toward increases in the dose-normalized area under the concentration-time curve from 0 to 24 h (AUC 0-24 ) with increasing dosages. Mean peak levels of POC in plasma exceeded the corresponding MIC for the test organism at all dosages and ranged from 170 to 5,176 ng/ml in POC-treated rabbits. Mean peak levels of ITC in FIG. 7 . Concentration profiles of POC (A) and ITC (B) in plasma after multiple dosing over 6 days (treatment) and concentration profiles of POC (C) and ITC (D) in plasma after multiple dosing over 10 days (prophylaxis). F, 2 mg/kg/day; s, 6 mg/kg/day; ‚, 20 mg/kg/day. VOL. 45, 2001 EFFICACY AND PHARMACOKINETICS OF POSACONAZOLE 865
on October 29, 2017 by guest http://aac.asm.org/ plasma exceeded the corresponding MIC at all dosages with the exception of the 2-mg/kg dosage group and ranged from 127 to 3,564 ng/ml (Tables 2 and 3 ). With the exception of the POC2 dosage group and ITC2 dosage group, mean concentrations in plasma stayed above the MICs for the tested isolate throughout most of the dosing interval. Both compounds exhibited a relatively large V, which is indicative of high protein binding and/or extensive distribution into tissues.
DISCUSSION
POC demonstrated potent dosage-dependent in vivo antifungal activity against A. fumigatus in persistently neutropenic rabbits with primary invasive pulmonary aspergillosis. The antifungal effects of orally administered POC6 were comparable to those of i.v. administered AMB at 1 mg/kg. The antifungal response was observed across all outcome parameters, including microbiologic burden (measured as log CFU per gram of lung tissue, serum galactomannan antigenemia, and histology), as well as organism-mediated pulmonary injury (measured as pulmonary hemorrhage score, lung weight, and CT scan). This antifungal efficacy of POC was superior to that of orally administered cyclodextrin ITC at equal dosages. The antifungal effect of POC was achieved without any detectable hepatotoxicity. ITC was well absorbed and achieved levels in plasma similar to those of POC6 and POC20. Concentrations of POC6 and POC20 in plasma exceeded the MIC for A. fumigatus throughout the 24-h dosing interval.
There was a significant reduction of microbiologic burden as measured by pulmonary log CFU per gram of A. fumigatus. Consistent with this antifungal effect was a parallel reduction of organisms observed histologically in tissue. Additionally, there appeared to be considerable disruption of fungal cell wall morphology of residual organisms, suggesting azole-mediated damage to residual hyphae.
The serum galactomannan levels also paralleled the microbiologic decline in pulmonary tissue burden of A. fumigatus as a surrogate marker for a therapeutic response. The expression of galactomannan in the sera of untreated neutropenic control rabbits with pulmonary aspergillosis demonstrates patterns similar to those observed in neutropenic patients initially diagnosed with pulmonary aspergillosis (29, 41, 44, 46) . As declining serum galactomannan levels reflected decreased microbiologic tissue burden of A. fumigatus and a more favorable For example, hyphal structures in rabbits treated with POC6 reveal marked distortion of fungal elements that include truncated and rounded hyphal fragments, as well as distended chlamydospore-like remnants. These features are highly atypical for A. fumigatus and may lead to misdiagnosis in a clinical setting in patients undergoing lung biopsy while receiving antifungal prophylaxis or therapy. Small sample sizes of biopsies may also miss foci of these distorted hyphal elements.
As the microbiologic tissue burden of A. fumigatus declines, pulmonary injury should also decrease. Indeed, pulmonary injury was significantly reduced at dosages of Ն6 mg/kg/day. The reduction in organism-mediated pulmonary injury, evidenced by reduced total lung weight, mean pulmonary infarct score, and resolution of pulmonary infiltrates on CT scans, correlated with significant improvement in survival in comparison to that of UC. This survival was comparable to that achieved with AMB.
The potent antifungal activity of oral POC against invasive pulmonary aspergillosis in persistently neutropenic rabbits was distinctive. One usually would not consider that an orally administered antifungal compound would attain this level of potent activity in a profoundly and persistently neutropenic host. That POC demonstrates fungicidal properties against A. fumigatus at relatively low MICs of 0.125 g/ml that were exceeded in all dosage cohorts may explain in part this level of activity.
As an additional treatment control, oral ITC was investigated as the cyclodextrin solution. Cyclodextrin solution was selected in order to optimize oral bioavailability. Despite administration of the oral cyclodextrin solution, levels of ITC in plasma above the MIC were not reliably achieved at the 2-mg/kg dosage. When the ITC6 dosage was administered, concentrations in plasma were above the MIC throughout the dosing interval. However, despite these sustained levels, the ITC6 dosage was less effective than the same dosage of POC.
This disparity in antifungal efficacy between POC and ITC may be explained in part by differences in the potencies of compounds with similar molecular weights. The MICs of POC for A. fumigatus have been reported as being relatively lower than those of ITC (12, 34) . As the plasma concentration-time curves and AUCs of POC and cyclodextrin ITC were similar, differences in efficacy between these antifungal triazoles could not be attributed to differences in bioavailability. This level of activity may be understood in terms of sustained levels in plasma being achieved above a relatively low MIC for A. fumigatus. That the POC MIC and MFC were four times lower than those of ITC may contribute to the greater in vivo activity observed in POC-treated rabbits. These lower MICs may be particularly important in tissue sites of aspergillosis, where pulmonary infarcts reduce the access of plasma antifungal compound to the organism. Assuming levels of penetration into such infarcted sites to be similar for both triazoles, the compound with lower MICs and MFCs will likely demonstrate greater in vivo antifungal activity.
The MICs and MFCs demonstrate a consistent fourfold difference in in vitro potencies. Yet, the differences observed in our in vivo experiments suggest more potent activity than is reflected by the MICs and MFCs. This greater disparity between the in vitro and in vivo potencies of POC was also observed by Oakley et al. in a transiently neutropenic murine model of disseminated aspergillosis (35) . Among the possible explanations for this difference are tissue penetration, rates of microbicidal activity, and pharmacodynamics. The pharmacodynamics of POC and ITC against A. fumigatus are nonlinear (5; A. H. Groll, D. Mickiene, R. Petraitiene, V. Petraitis, T. Sein, J. Roach, K. Roth, S. C. Piscitelli, and T. J. Walsh, Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., p. 385, abstr. 1675, 2000) . Perhaps the differences in antifungal activity between POC and ITC may be greater than a fourfold difference in vivo as the result of the nonlinear in vivo pharmacodynamics. There are no apparent differences in levels of tissue penetration of these two azoles reported at this point. Timekill assays may prove to be helpful in understanding the differences in rates of kill of A. fumigatus.
Pharmacokinetic features of POC revealed that the maximum concentration of the drug in serum (C max ) greatly exceeds that of the MIC at dosages of 6 and 20 mg/kg/day. Moreover, the relatively long t 1/2 in plasma of 7 to 10 h also maintains existing plasma POC levels well above the MIC for A. fumigatus. Whether peak concentrations in plasma or exposure over time is the more critical pharmacodynamic parameter remains to be further investigated. Nevertheless, features of both properties were observed in these experiments and suggested a favorable pharmacokinetic profile of POC in the treatment of invasive pulmonary aspergillosis. Based upon these findings, as well as the MIC and MFC for the organism, a sustained level of approximately 1,000 ng/ml is considered to be the minimal highly active concentration in plasma.
Thus, POC6 per os generates sustained concentrations in plasma of Ն1 g/ml that were as effective in treatment and prevention of invasive pulmonary aspergillosis as AMB at 1 mg/kg/dag and more effective than cyclodextrin ITC6 per os in persistently neutropenic rabbits. Given its potent antifungal activity, excellent safety profile, and favorable pharmacokinetic parameters, POC offers the potential for use as a prophylactic agent in the prevention of invasive pulmonary aspergillosis. These in vivo findings provide a foundation for understanding the antifungal activity, safety, and pharmacokinetics of POC in persistently neutropenic hosts and form a foundation for developing clinical trials for the prevention and treatment of invasive pulmonary aspergillosis.
